Introduction
[2] Monks [2000] presented a summary of the seasonal variation of tropospheric O 3 flux for the northern hemisphere (NH) as reported in the literature. He discussed the large-scale O 3 increase that is generally observed in the NH from April to June and examined the evidence for the various contributions to this increase from stratospheretroposphere exchange (STE) and photochemistry. He indicated that the understanding of the spring O 3 maximum and its formation mechanism is of fundamental importance to atmospheric science, and this was the underlying objective of the TOPSE (Tropospheric Ozone Production about the Spring Equinox) field experiment.
[3] A comprehensive review of STE is given in Holton et al. [1995] , which discusses the global-scale processes associated with STE and the spatial and seasonal characteristics of the downward mass transport that leads to the spring maximum in STE. Holton et al. present a globally averaged representation of potential temperature and potential vorticity (PV) which indicates that the major region for isentropic STE would be south of about 45°N with a relatively unchanging tropopause height and less downward transport north of 45°N. Appenzeller et al. [1996] modeled global-scale meridional circulations and seasonal variations in the mass of the lowermost stratosphere to estimate the net mass flux across the tropopause, and they found that in the NH, the flux showed a late spring maximum and autumn minimum. A recent study by Seo and Bowman [2001] examined cross-tropopause exchange, and they found that the downward exchange regions were well correlated with NH storm tracks. The maximum in STE mass transport at 330 K in the March -May period was centered near 35°N over the Pacific Ocean and over the southeastern United States, and most of the STE mass transport was south of 45°N, which is consistent with the general concept presented by Holton et al. [1995] .
[4] Surface measurements of tropospheric O 3 were made at high latitudes over the Finnish Lapland (179-566 m ASL) in 1992 and 1993, and Rummukainen et al. [1996] found that O 3 peaked in May of each year, with the minimum observed from October to December. They also found that the contribution from the Atlantic Ocean was highest in winter and lowest in autumn, based on 5-day backward trajectories. However, since the backward trajectories were limited to 5 days, changes in the contributions from Eurasia during the year were difficult to discern. Solberg et al. [1997b] monitored O 3 at several Norwegian monitoring sites (3 -500 m ASL) from 1989 to 1994, and again, O 3 was found to peak in May but was lowest around August. When they compared seasonal cycles of O 3 for stations from 58°23 0 N to 69°27 0 N, they found that at the southern stations, the O 3 peaked over background levels in July but at the northern stations, the peak occurred in May. An O 3 deficit was found during the winter months, and in the springtime, they speculated that net O 3 production proceeded slowly, and thus the O 3 change was most pronounced at the farthest distances from the NO x sources. In the summer, they thought that the net production rates were higher, so the O 3 change would be found nearer to the NO x sources.
[5] Penkett and Brice [1986] were the first to suggest that the springtime maximum in O 3 may be due to photochemistry. Seasonal changes in PAN in the UK were used to distinguish between contributions in tropospheric photochemistry and stratosphere-troposphere exchange. More recent observations of PAN at Zeppelin Mountain (474 m ASL), Norway (78°55 0 N, 11°54 0 E), were found to peak in March/April 1994, while non-methane hydrocarbons peaked in January/February [Solberg et al., 1997a] . Thus, some of the important O 3 and PAN precursors have peak concentrations in winter or spring, then decrease, supporting the hypothesis that photochemical production of O 3 and PAN is important in the Arctic in the spring [Penkett and Brice, 1986] . Wang et al. [1998] presented model results for tropospheric O 3 production and loss, and they showed that for high northern latitudes, transport from the stratosphere is larger than tropospheric photochemical production in January, but less in April and much less in July and October. Their model indicated that for Goose Bay (53°N, 60°W at 800 mb) the crossover point for the tropospheric contribution surpassing the stratospheric contribution occurred in April, and the tropospheric contribution continued to increase until it peaked in June.
[6] The TOPSE field experiment was conducted at highlatitudes over North America from 4 February to 23 May 2000 to investigate the cause of the springtime maximum in tropospheric O 3 [Atlas et al., 2003] [7] This paper discusses the trends in O 3 , aerosols, and trace gases observed in the free troposphere at high latitudes during TOPSE and relates these trends to changes found in PV, stratospheric-tropospheric exchange, tropospheric transport, and photochemical O 3 production.
Instrumentation and Methodology
[8] The NASA Langley Research Center's UV airborne differential absorption lidar (UV DIAL) system was flown on the NCAR C-130 aircraft for remote measurements of O 3 and aerosols across the troposphere and into the lower stratosphere. Various versions of the UV DIAL system have been used since 1980 for global and regional scale investigations of O 3 and aerosol distributions in the troposphere and lower stratosphere [see, e.g., Browell, 1989; Browell et al., 1992 Browell et al., , 1996a Browell et al., , 1998 Browell et al., , 2001 . The airborne UV DIAL system used during TOPSE was previously described by Browell [1989] , and this version of the UV DIAL system was last used in the TRACE-A (Transport and Atmospheric Chemistry Near the Equator-Atlantic) field experiment to study the impact of photochemical O 3 production from biomass burning on the O 3 budget over the tropical South Atlantic [Browell et al., 1996b] . This version of the UV DIAL system was flown on the C-130 during TOPSE while a later version was being flown on the NASA DC-8 aircraft in the Arctic as part of the SAGE-III Ozone Loss and Validation Experiment (SOLVE) [Schoeberl et al., 2002 [9] The airborne UV DIAL system used during TOPSE operated at 8.6 Hz with two frequency-doubled Nd:YAG lasers pumping two dye lasers that were frequency-doubled into the UV to produce the on-line (288.2 nm) and off-line (299.6 nm) wavelengths for the DIAL O 3 measurements. The residual 1064-nm and $590-nm beams from the frequency-doubling process of the Nd:YAG and dye lasers, respectively, were also transmitted with the UV wavelengths. As a result, four laser beams are transmitted simultaneously into the atmosphere below (288.2, 299.6, 576.4, and 1064 nm) and above (288.2, 299.6, 599 .2, and 1064 nm) the aircraft for lidar measurements of O 3 , aerosols, and clouds from near the surface to about 3 km above the tropopause. The average energy in each UV (288.2 or 299.6 nm), VIS (576.4 or 599.2 nm), and IR (1064 nm) laser beam was about 10 -15, 40, and 150 mJ, respectively. The different lidar backscatter returns at the different wavelengths were dichroically separated in the separate nadir and zenith receiver systems, directed through tuned optical filters, and detected by optimized detector systems. The DIAL UV beams were transmitted with 300-ms separation so the UV lidar returns would be detected sequentially by the same photomultiplier tube. Real-time processing of the DIAL O 3 and aerosol data permitted optimizing the in situ sampling by the other instruments on the C-130.
[10] This system is used to measure O 3 and aerosol distributions starting at a distance of about 1 km above and below the aircraft and extending to a range of about 7 km in each direction. This enables measurements of nearly continuous O 3 and aerosol profiles from near the surface to several kilometers above the tropopause along the flight track of the aircraft. The accuracy of the UV DIAL measurements of O 3 with a vertical resolution of 300 m and an averaging time of 5 minutes (about 38-km horizontal resolution at C-130 ground speeds) has been previously demonstrated to be better than 10% or 2 ppbv, whichever is greater, with a measurement precision of 5% or 1 ppbv [Browell et al., 1983] . Intercomparisons between in situ and UV DIAL O 3 measurements were made throughout the course of TOPSE to ensure that the accuracy of the measurements was being maintained. The aerosol scattering ratio distributions are determined from the relative lidar backscattering distribution using standard atmosphere densities [Jursa, 1985] interpolated by month, latitude, and altitude along the flight track and a normalization of the lidar backscatter distribution to a clean (nearly aerosol free) region, usually found near the tropopause. The vertical and horizontal resolutions for the aerosol scattering ratio measurements are 30 m and 3.8 km (30-s averaging time).
[11] The in situ O 3 measurements on the C-130 [Ridley et al., 2003] were used to constrain the interpolation of the O 3 distribution between the nadir and zenith UV DIAL measurements to produce an estimate of the O 3 distribution across the near-field region not covered by the UV DIAL measurements. In addition, the in situ O 3 measurements made below about 500 m were used to help estimate the extrapolated O 3 distribution from the lowest DIAL measurement altitude to the surface. These techniques have been used previously [Fenn et al., 1999; Browell et al., 2001 ] to obtain an estimate of the entire O 3 profile from the surface to above the tropopause. Figure 1 shows an example of the O 3 and aerosol scattering (S A -IR) data obtained on TOPSE Flight 41 from Thule, Greenland to Winnipeg, Canada.
[12] Ozone and S A data from each flight were binned into 0.25-degree latitudinal bins and averaged to arrive at the average latitudinal distribution for O 3 and S A for each flight. To ensure we did not include aerosol scattering from clouds or highly attenuated aerosol data on the far side of clouds, we used S A ! 10 to define a cloud, and we eliminated any aerosol data beyond a distance of 100 m in front of where a cloud was detected in either the nadir or zenith aerosol profile. The latitudinal O 3 and S A distributions below the tropopause (determined from O 3 DIAL data [Browell et al., 1996b] ) from each flight were combined with the other flights in a deployment to produce an overall latitudinal distribution for O 3 and S A for the deployment. In this process, the data were averaged together when the flights had overlapping data in the same latitudinal bin. The overall O 3 and S A trends observed during TOPSE are derived from these deployment-average latitudinal distributions.
[13] Three different analyses were used to generate the PV distributions used in this investigation: the MRF (Medium Range Forecast) analysis from the University of Virginia [Kanamitsu, 1989; Kanamitsu et al., 1991; Iredell and Caplan, 1997; Caplan and Pan, 2000] ; the ECMWF analysis, which goes into the NCAR global chemical transport model, MOZART (Model for OZone And Related chemical Tracers) Hauglustaine et al., 1998; Emmons et al., 2003; Tie et al., 2003] ; and the MM5 (PSU/ NCAR Mesoscale Modeling System) analysis, which goes into the HANK (NCAR Regional, Chemical Transport) model [Klonecki and Hess, 2003; Hess et al., 2000] . The MRF analysis is initialized with the data from the NCEP (National Center for Environmental Prediction) Global Data Assimilation System (GADS). MOZART was driven with ECMWF meteorological fields with a horizontal resolution of 2°and approximately 1-km vertical resolution [European Centre for Medium-Range Weather Forecasts (ECMWF), 1995], and the MOZART results provide the chemical boundary conditions for the regional HANK model. HANK's dynamics are based on fields calculated by the MM5 model [Grell et al., 1993 ; see also Klonecki and Hess, 2003] , and the meteorological initial and boundary conditions for the MM5 analysis were provided by the NCEP MRF (Medium Range Forecast) global model. The horizontal resolution of the HANK model is comparable to the MOZART model (243 km Â 243 km at 60°N), however the vertical resolution is considerably higher with 39 levels between the surface and 100 mb. The details of each of these models and their underlying meteorological analysis are presented in their respective references. The MRF, HANK, and MOZART models provided interpolated, vertical cross sections of PV distributions along the flight track of the C-130 during TOPSE. These cross sections were handled in the same manner as the UV DIAL O 3 and S A data to arrive at latitudinally binned data for each flight and then for each deployment. All PV cross sections were masked to correspond to the same altitude and geographic limitations as the UV DIAL O 3 data.
[14] Results from various in situ measurements made on the C-130 are also presented to provide insight into the cause of the trends observed in the O 3 measurements. Atlas et al. [2003] provide an overall description of the instrumentation on the C-130 and their respective references.
Results and Discussion
[15] Ozone and aerosol data were obtained with the UV DIAL and in situ instruments on the NCAR C-130 on all seven TOPSE deployments. An example of the UV DIAL O 3 and aerosol data with the in situ O 3 measurements imbedded in the O 3 cross section is shown in Figure 1 . These data obtained on the flight from Thule to Winnipeg show the complexity of the atmospheric structure that was encountered on many of the TOPSE deployments. The tropopause is generally above an O 3 level of 100 ppbv, and at latitudes above 68°N, the tropopause was generally found to be above 7 km, while at lower latitudes it was above 10 km. During TOPSE, the aerosol loading in the lower stratosphere was low with an S A -IR of 0.5. Evidence of an intrusion of stratospheric air can be seen in both the aerosol and O 3 data from $1530 to $1550 UT at 4.5-6.0 km. In situ data also confirmed we passed through this tongue of stratospheric air, which was related to a jet stream crossing and its associated change in tropopause height [see, e.g., Browell et al., 1987] .
[16] Large regions with very high aerosol scattering ratios (S A ! 1) were observed throughout the troposphere at all latitudes but particularly south of 68°N. These regions also had elevated O 3 levels (!70 ppbv) compared to the regions of low aerosol scattering (S A 0.3) (not including the stratospheric intrusion region), which had O 3 levels near 50 ppbv. The regions with correlated enhancements in aerosol scattering and O 3 are associated with continental pollution and photochemical O 3 production, which has been well documented in many previous airborne field experiments [see, e.g., Browell et al., 1992 Browell et al., , 1996a Browell et al., , 1996b .
[17] Clouds exhibit very enhanced aerosol scattering (S A > 10), and the laser beams that get through the clouds are highly attenuated. Various low, mid-level, and high clouds can be seen on Figure 1 . These clouds result from various meteorological processes with the clouds near the surface being of a local origin and the mid-level and high clouds resulting from long-range transport in the troposphere. A region of low O 3 (<30 ppbv) with enhanced aerosol scattering was observed near the surface (below 2 km) north of $72°N. This region of low O 3 is thought to be caused by O 3 destruction due to bromine chemistry .
Ozone Trends
[18] The average latitudinal O 3 distributions for each deployment were derived from an average of the flightbinned O 3 data as previously discussed, and these distributions are shown in Figure 2 . Most of the deployments covered the entire latitudinal range of 40°-85°N, but Deployments 1 and 3 did not extend beyond 67°N. In addition, Deployment 2 had no O 3 data in the region 45°-56°N due to extensive cloud cover. The general transition from free tropospheric O 3 levels in the range of 40-60 ppbv in the first three deployments to levels of 60-80 ppbv by the last deployment is readily apparent in Figure 2 . The low O 3 levels near the surface can be seen in all the average latitudinal distributions with a particularly large region north of 76°N on Deployment 6.
[19] To better quantify the trend in O 3 in the free troposphere, the data shown in Figure 2 were binned into two latitudinal regions (40°-60°N and 60°-85°N) and two altitude regions (2 -4 km and 4 -6 km). The average O 3 value and the standard error of the average are shown in Figure 3 for each deployment in each region. A linear correlation for the first four deployments and the last four deployments as well as for the entire TOPSE field experiment are shown. In the fit, the deployment averages were weighted by the normal inverse of the variance of the standard error of the average in an attempt to account for the reduced latitudinal coverage and resulting larger measurement uncertainty in a few of the deployments as noted above. The slope of the overall correlation line and its standard deviation is also given in Figure 3 along with the correlation coefficient for the fit. The O 3 increased in all of the regions as was generally indicated from the data presented in Figure 2 . The observed trends in O 3 were larger in both altitude regions at 40°-60°N compared to the respective altitude regions at 60°-85°N (see Figure 3) . In the first three deployments at 40°-60°N, O 3 was rather constant at $49 ppbv with very little vertical gradient. Starting in the fourth deployment, O 3 increased abruptly in the 4 -6 km region to $66 ppbv, and it stayed near that level for the rest of the field experiment. This transition was also seen in the 2 -4 km region, but the change was not as large.
[20] In the higher latitudinal region (60°-85°N), there was no similar abrupt increase in O 3 seen in the fourth deployment; in fact, it appears like there was no increase at all during the first four deployments. Ozone steadily increased from the fourth to seventh deployments. The intermediate correlation fits show the break in the trends between the two periods. The O 3 value for Deployment 3 is the only outlier that does not follow this trend, and we believe that this is due to two factors: (1) the limited amount of data available north of 60°N, and (2) the data that was collected was in the vicinity of a stratospheric intrusion, which is also reflected in the PV analyses for this deployment (to be discussed later). The average increase in O 3 over the TOPSE field experiment in the free troposphere was found to be 3.0 ppbv/mo at low altitudes (2 -4 km) increasing to 4.6 ppbv/mo in the mid troposphere (4 -6 km). Examining the trend over the final four deployments, the rate would be as large as 5.0 and 6.7 ppbv/mo, respectively, with very high correlation coefficients (R > 0.96).
Aerosol Trends
[21] The average latitudinal distributions of IR aerosol scattering ratios (S A ) were constructed for each deployment using the procedures discussed above. They were further limited to the same regions where the O 3 data existed for each deployment as shown in Figure 2 . The resulting average latitudinal distributions of S A for each deployment are shown in Figure 4 . The reason these distributions appear to be more limited than the O 3 distributions is due to the omission of aerosol data that are compromised due to clouds or cloud attenuation. The trend in aerosol scattering is more difficult to see in the figure, particularly in the first three deployments, but starting with the fourth deployment there is a general indication that the amount of aerosol scattering is increasing with time. To better quantify the changes in S A over TOPSE, the aerosol data were binned in the same manner as the O 3 , and this is shown in Figure 5 .
[22] The scatter in the S A values for the first three deployments was very large in all regions shown in Figure  5 , with the possible exception of the 60°-85°N, 4-6 km region where the scatter was low and the S A trend for the first four deployments was consistent with the overall trend for the field experiment. In the 40°-60°N region, the S A values increased very rapidly from the fourth to seventh deployments at all altitudes in the free troposphere. In the 60°-85°N region, there was no significant change in S A values in the fourth to seventh deployments in the lower free troposphere, but in the 4 -6 km region there continued to be an increase which could have even started in early February. The rate of increase in S A in the 60°-85°N, 4 -6 km region was found to be 0.36/mo over the entire field experiment or 0.39/mo over the last four deployments. This compares to the 40°-60°N, 4 -6 km region with 0.54/mo overall and 0.86/mo over the last four deployments. The sulfate layer in the Artic stratosphere was observed during January and March 2000 as part of the SOLVE (SAGE-III Ozone Loss and Validation Experiment) field experiment to have a maximum S A value of about 0.5 (E. V. Browell et al., manuscript in preparation, 2002) , and thus the observed increase in S A in the troposphere could not have been due to the downward transport of stratospheric aerosols.
O 3 /Aerosol Correlation
[23] Both O 3 and aerosol scattering were found to increase during TOPSE in all regions of the free troposphere from 40°-85°N (Figures 3 and 5 and higher altitude regions not shown in these figures), but to investigate whether they were increasing together, it is necessary to examine their correlation to each other. Figure 6 presents a representative correlation plot for O 3 and S A for the 60°-85°N, 4-6 km region (all of the other regions exhibit similar results). The deployment averages and the standard error of the averages for O 3 and S A are shown along with the best fit linear correlation line and the correlation coefficient. The O 3 and S A data from all the deployments show very good correlation (R = 0.95) with a positive regression slope of O 3 /S A = 10.6 ppbv and intercept of 54.4 ppbv. The high positive correlation between O 3 and aerosols is usually found in association with continental pollution plumes, which is opposite to the negative correlation between O 3 and aerosols that is found in association with stratospherically influenced air observed in the troposphere [Browell et al., 1996a [Browell et al., , 1996b .
Potential Vorticity Results
[24] Potential vorticity (PV) analysis associated with the MRF, HANK, and MOZART models were produced for the TOPSE period, and PV cross sections along the C-130 flight tracks were interpolated from the gridded PV data from each model. These results were binned and averaged for each flight and for each deployment in the same manner as the O 3 and aerosol data. An initial comparison was made between the MRF PV results with and without the DIAL O 3 data masking to ensure the masking process did not produce biased PV results that were not supported by the unmasked PV data. An example of unmasked and masked MRF PV data for Deployment 4 is shown at the top of Figure 7 . Note that for the unmasked case, the tropopause was assumed to be at PV = 2.5, and no PV values above the tropopause were included in the latitudinal PV average. In the masked case, the O 3 derived tropopause was used when available, but when not available, the above PV limit was used. While there are some differences between the unmasked and masked cases, particularly within about 1 km of the tropopause and south of about 65°N, the major features are preserved in the masked data. It was found that there were no significant differences in the PV trends between the masked and unmasked results, and since the masked data must be used to compare with the O 3 and aerosol measured trends, that is what was used in all the subsequent analysis.
[25] The PV distribution associated with the MOZART and HANK models for Deployment 4 is also shown for comparison with the MRF results in Figure 7 . The MRF and HANK results appear to be very similar, and the MOZART PV levels are generally lower in the free troposphere (2 -8 km) and higher near the surface (<2 km), due to differences in the vertical resolution (coarser in the mid-troposphere and higher at the surface). Figure 8 examines the overall PV trends determined from the MRF analysis in the 2 -4 km and 4-6 km altitude intervals in both the 40°-60°N and 60°-85°N regions. The lower latitude region has a PV average background level of about 0.4 PVU, where PVU = 10 À7 K m 2 (kg s)
À1
, while the PV background average at the higher latitudes is about twice as large. There is only a very slight increase in PV with altitude in the two latitudinal regions, and there is no statistically significant trend, either positive or negative, in PV in any of the regions over the entire TOPSE deployment. The high PV associated with Deployment 3 is due to the limited data in the 60°-85°N region having been collected in the vicinity of a stratospheric intrusion. Similar results (in general and for Deployment 3) for the 60°-85°N region are shown in Figure 9 from the HANK and MOZART models. The higher resolution HANK model had no trend at 2 -4 km and the largest negative trend of any of the models at 4 -6 km (ÁPV = À0.040 PVU/mo). The MOZART model showed a negative trend (ÁPV = À0.035 PVU/mo) in 4 -6 km region and a 
Calculated O 3 Based on PV and O 3 /PV Ratio
[26] To estimate the contribution that stratospherically derived O 3 makes to the trend in tropospheric O 3 , we combine the PV information previously discussed with the relationship between O 3 and PV in the lower stratosphere. The tropospheric PV levels and O 3 /PV ratio in the lower stratosphere have been previously used to estimate the relative contribution that stratosphere-troposphere exchange makes relative to photochemistry in determining tropospheric O 3 amounts [Browell et al., 1996a [Browell et al., , 1996b [Browell et al., , 2001 Fenn et al., 1999] . A. A. Klonecki et al. (Analysis of the correlation between O 3 and potential vorticity in the lower stratosphere and possible applications, submitted to Journal Geophysical Research, 2002) have recently discussed the temporal variation in O 3 and PV across the stratosphere from extensive ozonesonde data from many sites. We used their time-dependent average O 3 /PV relationship in the lower stratosphere (PV = 7) (see Table 1 ) and applied it to the PV distribution obtained from the various models across the TOPSE field experiment. In addition, for comparison we also applied the time-dependent O 3 /PV ratio found in the lower stratosphere above Resolute, Northwest Territories, Canada (74.7°N, 95.0°W) (see Table 1 ). The results are shown in Figure 10 . Based on the background value of PV in the troposphere in early February and the average stratospheric O 3 /PV ratio at that time, the background amount of O 3 that could be attributed to a stratospheric source was over 73% of the observed background O 3 level for MRF, 84% for HANK, and 62% for MOZART. This shows the large influence of stratosphere-troposphere exchange on the background O 3 level in the late winter in this region. The stratospherically derived O 3 , which was calculated from the PV results from HANK and MOZART, showed an overall negative trend using the average O 3 /PV ratios and no trend using the Resolute O 3 /PV ratios. Only the MRF results showed any overall positive tendency with a slope of 0.39 ppbv/mo using the global average O 3 /PV Figure 6 . Correlation between O 3 and IR aerosol scattering ratios during TOPSE in mid troposphere (4 -6 km) and at high latitudes (60°-85°N). Size of rectangles represents the standard error in the mean value of O 3 and aerosol scattering ratios for each deployment. ratios and 2.8 ppbv/mo using the Resolute ratios; however, regardless of which O 3 /PV ratios are used, there was a strong negative trend in the MRF data during the last three deployments at the same time as there was a definite increase in the observed O 3 and aerosols across this region. It should be noted that the high O 3 values calculated in all the models for the third deployment were due to the samples being limited to the vicinity of a stratospheric intrusion and the spatial differences in the modeled versus observed intrusion location.
Comparison of MOZART and Observed Ozone
[27] Figure 11 presents the O 3 trends from the MOZART model in comparison with the observed O 3 trends in the 60°-85°N region. The trend in O 3 from the MOZART model at the lower altitudes is a factor of two higher than was observed. While the O 3 concentration predicted for the end of TOPSE was close to that observed, we did not observe the very low average O 3 levels (<40 ppbv) indicated by MOZART at the beginning of TOPSE -thus the differences in the overall predicted and observed trends at low altitudes in the free troposphere. At higher altitudes in the free troposphere (4 -6 km), the overall trends were more comparable to the modeled average O 3 levels, which were slightly lower at the start of TOPSE than the observed values, but at the end of TOPSE the levels of O 3 were very close. The trend in the observed O 3 levels between the fourth and seventh deployments of 6.7 ppbv/mo is the same as what the MOZART model was indicating for the entire field experiment. It should be noted that the MOZART O 3 trend when it is not masked with the UV DIAL data is only slightly lower at 6.5 ppbv/mo. This shows that there was very little bias in using the data only in regions where the UV DIAL O 3 measurements were made. The amount of stratospheric O 3 at 60°-85°N, 4 -6 km, as derived from MOZART/ECMWF PV, was about 35-40 ppbv throughout the campaign (Figure 10) . However, the total simulated O 3 from MOZART increased through the spring (Figure 11 ), implying the increase was caused by tropospheric chemical production (either locally or transported from outside the region). This conclusion is consistent with the results discussed in the previous section and those presented by Emmons et al. [2003] .
Long-Range Transport of Air to High Latitudes
[28] To investigate the source of the air reaching the TOPSE experiment region in the mid troposphere, we used 10-day backward isentropic trajectories for air masses reaching the TOPSE flight tracks at altitudes from 4 to 6 km. Several examples from different deployments are shown in Figure 12 . The one for 25 February (Flight 12 in Deployment 2) indicates that the air masses we observed spent much of the previous 10 days over the Pacific Ocean, Figure 9 . HANK and MOZART PV trends in 60°-85°N region. having originated in East Asia approximately 10 days earlier. The backward trajectories also show that a number of the air masses were within 2 km of the ocean surface, then rose to near 6 km after crossing the coast. When the air masses spend long times over oceans, the O 3 precursors can react and become diluted. While there was some transport over the United States for 25 February, it was not a period of high-activity photochemistry, and only a small fraction of the backward trajectories traversed urban/industrial areas. The 7 March (Flight 16 in Deployment 3) set of backward trajectories indicates that the air was generally confined to the Arctic for the previous 10 days. The backward trajectories for 4 April (Flight 26 in Deployment 5) and 18 May (Flight 39 in Deployment 7) show that for this period, the air masses reached the flight tracks 5 -7 days after leaving Asia or Europe, regions with large emissions of O 3 precursors, and that the southern latitudes reached during transit were as low as 40°N, where considerable photochemical processing could occur.
[29] An assessment was conducted to determine the fraction of the time the air mass backward trajectories, ending in the 60°-85°N, 4 -6 km region, were over different source regions during the previous 6 -10 day period and below 4 km at some time during the same period. Table 2 presents a summary of these results. The low-altitude (<4 km) source region during the first four deployments was dominated by the Pacific Ocean. As mentioned above, this would generally be the source region for the cleanest air masses. During the last four deployments, the combination of a rapidly decreasing Oceanic source and a rapidly increasing Continental (US/Canada and Eurasia) source is evident. In particular, Eurasia dominated the low-altitude source region in the last two deployments. With the exception of Deployment 3, which was discussed previously, there is a general increasing trend in ascending backward trajectories that come from Continental source regions during TOPSE. Prior literature indicates similar results for long-range transport into the Arctic. For example, Pacyna and Oehme [1988] show some transport to the Arctic from Eurasia in mid-March; Bridgman et al. [1989] show transport from Europe to Point Barrow, Alaska in early April; and Djupstrom et al. [1993] show transport from Eurasia to the high Arctic in early April.
[30] To examine the potential impact of descending air masses that might be associated with STE, the fraction of Figure 12 . Ten-day backward trajectories from portions of TOPSE flight at altitudes of 4 -6 km. backward trajectories that descended from above 8 km into the 60°-85°N, 4 -6 km region was determined for each deployment. Table 3 shows these results for end points of the backward trajectories at 10 and 5 days prior. Deployment 3 was strongly influenced by descending air in association with a stratospheric intrusion, and this is also reflected in the large fraction of descending backward trajectories at both 10 and 5 days prior. While there are a few descending trajectories in nearly all the deployments, there is no apparent trend associated with an increase in descending air during TOPSE. In fact, except for a slight increase associated with Deployment 6, the last four deployments have the lowest numbers of backward trajectories that exhibit descent (<2%) of the entire TOPSE campaign with Deployment 7 having the lowest levels of all (<1%).
[31] All of the above long-range transport results further support the hypothesis that most of the O 3 trend observed during TOPSE was from photochemical production in air from continental sources and not from an increase in STE.
Trace Gas and Aerosol Trends
[32] Key trace gases and aerosols were measured in situ on the C-130 during TOPSE, and their observed trends over this field experiment were used to further investigate the relative contribution of photochemistry and stratospheretroposphere exchange in determining the O 3 trends across the spring equinox at high latitudes in the mid troposphere. The results from the average in situ O 3 measurements are shown in Figure 13 , and they indicate an overall increase of 6.8 ppbv/mo, which is nearly identical to the predicted trend from the MOZART model, and very close to the 6.7 ppbv/ mo seen in the last four deployments from the combined UV DIAL and in situ O 3 distributions. The in situ measurements of aerosol number densities in the 0.1-3.0 mm range are also shown in the figure, and the aerosol number density trend reflects the same strong positive trend as was observed in the aerosol scattering data presented in Figure 5 . PAN is a strong indicator of in situ tropospheric photochemistry, and it has a strong positive trend across the entire field experiment (Figure 13 ), which was also found by F. [33] As an indicator of stratospheric air,
7
Be should show a significant positive trend if the stratosphere-troposphere exchange was increasing over this period of time, but the 7 Be data showed only a small (9.8 fCi m À3 /mo) positive trend over TOPSE. Note that the 7 Be trend determination used an inverse weighting by the standard deviation of the 7 Be measurements (shown in Figure 13 ) due to the small number of independent observations (3 -17) in the target region during each deployment. Using an average value of 0.058 ppbv/fCi m À3 for the ratio of O 3 / 7
Be in the lower stratosphere, which was derived from measurements of O 3 and 7 Be in the lower stratosphere at O 3 ! 150 ppbv [Dibb et al., 2003] , the trend in stratospherically-derived O 3 as indicated by the trend in 7 Be was determined to be 0.57 ppbv/mo. The above Figure 13 . In situ measurement trends in mid troposphere (4 -6 km) and high latitudes (60°-85°N). Vertical bars represent the standard error of the averages for O 3 , aerosols, and PAN, and the standard deviation of the limited number of ratio of O 3 / 7 Be for lower stratospheric air compares very well with a value of 0.060 ppbv/fCi m À3 found in stratospheric air in the Southern Hemisphere [Browell et al., 2001] . The tropospheric background level of 7 Be in early February of 407 fCi m À3 , which would be a stratospheric equivalent of about 24 ppbv, is consistent with the PV analysis presented here, where we find that a significant component of background tropospheric O 3 was related to a relatively constant stratospheric source over the winter-spring transition, but the seasonal tropospheric O 3 increase was due predominantly to in-situ photochemical production. Dibb et al. [2003] also arrived at the same conclusion based on their analysis of the O 3 and 7 Be measurements during TOPSE.
[34] Table 4 presents a trend analysis for a selection of the trace gas, radiation, and aerosol data collected in the 60°-85°N, 4 -6 km region during TOPSE. These data were limited to cases where the in situ O 3 was less than 100 ppbv to avoid including measurements above the tropopause in the averages. The trends in these parameters are given in absolute units/mo and as a percentage/mo based on the average TOPSE value from the linear regression line. The correlation coefficients are also given for the linear regression fit. Many of the parameters that are associated with continental pollution, surface source, or sunlight showed a high correlation with time during TOPSE (jRj > 0.6 for > 85% confidence level for 7 points), and they are shown in bold in Table 4 . The parameters with high positive correlation with time included: O 3 , H 2 O, N 2 O, NO, NO y , PAN, SO 4 , J[NO 2 ], H 2 O 2 , HCFC-141b, and aerosols. The increase in H 2 O and N 2 O is significant since their main source is at the surface in the troposphere, and the increase in PAN in the free troposphere also cannot be a result of downward transport of stratospheric air (Flocke et al., submitted manuscript, 2002) . In addition, fine aerosols (SO 4 ) showed a trend of increasing concentrations at increasingly higher altitudes during the TOPSE campaign (E. Scheuer et al., Seasonal distributions of fine aerosol sulfate in the North American Arctic Basin during TOPSE, submitted to Journal of Geophysical Research, 2002, hereinafter referred to as Scheuer et al., submitted manuscript, 2002) . The hydrocarbons, including ethane, ethyne, and propane, showed a strong negative correlation with time due to increased photochemical consumption, and CH 2 O also showed a net decrease over the period [Fried et al., 2002] . The remainder of the parameters did not exhibit a statistically significant temporal correlation during TOPSE (jRj < 0.5), and they included: CO, CH 4 , NO x , SO 2 , H 2 SO 4 , and, as discussed previously, 7
Be. Among the in situ parameters that were measured on the C-130, there were no trends that indicated a change in the level of stratosphere-troposphere exchange during TOPSE, but they strongly reflected continental pollution with active springtime photochemistry.
[35] The PAN results are in agreement with previous results with the qualification that the peak observed in Norway at Zeppelin Mountain (77°55 0 N, 11°54 0 E) occurred in late April in 1994 [Solberg et al., 1997a] , and the trends in NMHCs are in agreement with previous results over the Baltic Sea and Finland [Laurila and Hakola, 1996] and Norway [Solberg et al., 1997a] .
[36] The decrease in SO 2 agrees with observations at Canadian stations from 42.9°to 51.7°N [Dastoor and Pudykiewicz, 1996; Christensen, 1997] . The increase in sulfate in the Arctic agrees with earlier work at Alert [Cheng et al., 1993; Dastoor and Pudykiewicz, 1996] , where it peaks around March or April. The same period for the peak was found during TOPSE (Scheuer et al., submitted manuscript, 2002) . The observed increase in HCFC-141b reflects its general tropospheric trend because of increasing anthropogenic emissions [Simmonds et al., 1998 ], and the increase in aerosols during the season is in agreement with measurements made at Alert by Cheng et al. [1993] .
Summary and Conclusions
[37] The combination of the UV DIAL and in situ O 3 measurements made from the C-130 over the seven deployments of TOPSE conducted between 4 February and 23 May 2000 showed an average increase in O 3 at all altitudes across the free troposphere in the latitude range of 40°-85°N. The largest average O 3 increases were found in the 40°-60°N region with 3.2 ppbv/mo in the 2-4 km region and 6.1 ppbv/mo in the 4 -6 km region. At higher latitudes (60°-85°N), the average O 3 increase ranged from 3.0 ppbv/ mo to 4.6 ppbv/mo in the 2 -4 km and 4 -6 km regions, respectively. A higher rate of O 3 increase was observed over the last four deployments of TOPSE in the higher latitudes with 5.0 ppbv/mo and 6.7 ppbv/mo in the 2-4 km and 4 -6 km regions, respectively.
[38] Aerosol scattering ratios showed a dramatic increase across the free troposphere in all latitudinal regions investigated during TOPSE. In the 60°-85°N, 4 -6 km region, S A increased over 400% during TOPSE at an average rate of 0.36/mo. The average O 3 and aerosol scattering ratio levels were highly positively correlated over the TOPSE experiment with a correlation coefficient of 0.95 and an O 3 /S A slope of 10.6 ppbv. As has been observed in previous field experiments, if the source of additional O 3 was predominantly from the stratosphere, the correlation between O 3 and aerosol scattering would be negative since at the time of TOPSE the stratospheric air had low aerosol loading com- pared to normal tropospheric conditions. This was the first indication that the predominant reason for the springtime O 3 increase at high latitudes was due to photochemistry and not stratosphere-troposphere exchange.
[39] The variation in PV during TOPSE was examined across the same regions as for O 3 and aerosol scattering, and the results from three models (MRF, HANK, and MOZART) were evaluated for an indication of any general trend in stratosphere-troposphere exchange that occurred during TOPSE. No statistically significant positive trend in PV was found for any of the model results in the entire 40°-85°N, 2 -6 km region, and in general the average trend in PV over the field experiment was slightly negative. For example in the 60°-85°N, 4-6 km region, the trends ranged from 0.0054 PVU/mo from the MRF model to À0.0400 PVU/mo from the HANK model (MOZART gave À0.0353 PVU/mo). These results indicated that instead of there being an increased impact in this high-latitude region from stratosphere-troposphere exchange during TOPSE, there may have actually been a slight decrease in exchange.
[40] Since there is a change in the O 3 /PV relationship in the lower stratosphere during the springtime, the impact of this change on the PV trend had to be evaluated. Using the monthly averages for O 3 /PV in the lower stratosphere, it was determined that the stratospherically-derived O 3 trend was either zero or negative according to the HANK and MOZART models and only very slightly positive (0.39 ppbv/mo) for the MRF model. The results were the same using the Resolute O 3 /PV data with the MRF model being the only model predicting a positive trend. It should be noted that regardless of the source of the O 3 /PV ratio, all the models showed a strong negative trend during the period of the last three deployments, which was at a time that the overall O 3 positive trend was consistently the largest.
[41] The O 3 trend predicted by the MOZART chemical transport model was similar to that which was observed during the last half of TOPSE, and while the background level of O 3 can be mainly attributed to a stratospheric source, the O 3 change during TOPSE in the high-latitude troposphere was predominantly due to photochemistry. Backward trajectory analyses were conducted to investigate the source of air sampled during TOPSE, and these backward trajectories indicated that the air came from US/Canada and Eurasia with an increasing frequency during the field experiment. Most of the air exhibited some rising motion during the longrange transport to the Arctic, and very few air masses exhibited the descending motion that would be required with stratospheric air to contribute significantly to the tropospheric O 3 trend in this region. The 7 Be data show only a slight positive trend over the campaign, which amounts to less than 12% of the observed O 3 trend. In addition to the PV results, there were no trends in the in situ measurements that indicated a change in the level of stratosphere-troposphere exchange during TOPSE, but there were highly correlated trends in many gases and aerosols that strongly reflected active springtime photochemistry.
[42] Based on the above analysis, which examined: the O 3 -S A correlation; the estimate of stratospherically-derived O 3 trends from PV analyses and from the 7 Be data; and the in situ trace gas and aerosol trends, we estimate that stratosphere-troposphere exchange contributed less than 20% to the observed O 3 trend in the mid troposphere of the 60°-85°N region across the spring equinox. The dominant source of the free tropospheric O 3 trend (>80%) was found to be photochemical O 3 production. This result validates the initial suggestion by Penkett and Brice [1986] and is in agreement with the recent findings of Salisbury et al. [2002] that the springtime O 3 maximum at high latitudes is largely a tropospheric phenomenon.
